This study was carried out to investigate the groundwater potential and aquifer characteristics of locations in Igun, Eku and Oria in Delta State, Nigeria. Nine vertical electrical soundings using the Schlumberger configuration were conducted to assess the geoelectric properties of the subsurface, while down-hole loggings and pumping test were employed to evaluate the aquifer characteristics of the area. The geoelectric data were interpreted by partial curve matching and computer iteration techniques to determine the resistivity, thickness and depth of the subsurface formations. The result revealed the presence of four geoelectric layers comprising of lateritic/loamy topsoil, clay, fine-medium grain sand, and coarse sand. 
Introduction
In view of the ever increasing demand for groundwater, greater emphasis is now being placed on a planned and optimal utilization of this resource. The exploration of this very important substance requires the application of many geophysical and hydrogeological techniques which includes electrical resistivity, seismic, magnetic, electromagnetic, ground probing radar, pumping test and down-hole logging [1] .
The electrical resistivity method applies different techniques in its investigation and the instrument used depends on the nature of the technique employed in the investigation [2] . The electrical resistivity method can be used to determine the resistivity distribution of the subsurface. The vertical electrical sounding technique happens to be one of the simplest methods applied in the present day assessment of groundwater occurrence [3] . This is because it is very useful in providing detailed information of the thickness and resistivity of the different conducting layers of the subsurface [4] . In other words, the vertical electrical sounding is used to delineate the subsurface formation strata based on difference in resistivity between the aquifer thickness and other parameters. In homogeneous layers, the depth of current penetration increases with increasing separation of current electrodes [5] . In view of this, the vertical electrical sounding is usually carried out in order to study the horizontal and near horizontal interfaces. In effect, this helps to determine the horizontal zones of porous strata.
In exploring for groundwater, very many researchers have employed the resistivity sounding technique. Adeoti et al. [5] used this technique to delineate the subsurface layers in Mowe, Ogun State of Nigeria and also obtained the groundwater potential. Anomohanran [1] also used this technique to investigate groundwater potential in Ukelegbe Nigeria and successfully recommended sites for locating boreholes in the study area. Utom et al. [6] through the use of the vertical electrical sounding was able to estimate the aquifer transmissivity using Dar Zarrouk parameters. Anudu et al. [7] in their research succeeded in using resistivity sounding to explore for groundwater in the crystalline basement terrain around Onipe and adjoining area of southwestern Nigeria.
The field procedure for the electrical resistivity technique enables the determination of subsurface resistivity by sending an electric current into the ground and measuring the potential field generated by the current [8] . The potential electrodes are inserted in the ground between the outer current electrodes where the potential difference is measured across these two potential electrodes. By measuring the current between the two current electrodes and the associated potential difference between the potential electrodes, the apparent resistivity is computed [9] .
Moving the current electrodes and the potential electrodes with the same distance is referred to as the Wenner array method. In the Schlumberger array method, the potential electrodes are closely spaced while the current electrodes are kept wide apart. The Schlumberger method has a greater depth spread than the Wenner. In the electrical resistivity method, the Wenner configuration distinguishes between resistivities of different geoelectric lateral layers while the Schlumberger configuration is used for depth sounding [10] .
Since groundwater is the most preferred source of water for domestic, agricultural and industrial purposes, it is crucial that we ensure the proper exploration, evaluation, monitoring and management of this essential resource to guarantee its quality and availability. This is the reason why it is important that the aquifer parameters such as transmissivity, electrical conductivity, hydraulic conductivity, storativity and total dissolved solid are determined. In determining the aquifer characteristics, several tests such as down-hole logging and pumping test are conducted [11] . These are aimed at estimating the groundwater quality and the ability of the subsurface formations to store and transmit groundwater. These tests are also necessary to assess the water flow pattern and contaminant transport in the aquifer. They are also important in the successful and reliable modelling of the groundwater results in an investigation [11] [12] .
The electrical resistivity method is employed in this study to determine the groundwater potential in Igun, Eku and Oria. Hydrogeological methods are also conducted to evaluate the aquifer characteristics of the area. It is hoped that this study will assist in the planning, improvement and organization of the groundwater resource of these locations investigated.
Materials and Methods

Area of Study
The study area is located in Ethiope East local government area of Delta State, Nigeria. It is situated between latitude 5.72˚N and 5.80˚N and longitude 5.94˚E and 6.08˚E (Figure 1 ). It lies in the Niger Delta region where oil exploration and exploitation is prevalent. The area under study has no established water scheme where the people can obtain potable water.
Field Technique
Nine vertical electrical soundings were occupied using the Schlumberger electrode configuration. The instrument used for this study is the ABEM SAS 1000 Terrameter with electrode spacing of 150 m. The data obtained from the field survey were first curved matched and later subjected to computer assisted iteration using the Win Resist software. This software simulates the values of the apparent resistivity and that of the current electrode spacing to obtain a one dimensional layered model. Consequently, different parameters were estimated, parts of which are the layer resistivity and the thickness.
In estimating the aquifer characteristics, one well each was drilled in the three different locations to conduct down-hole logging and pumping test. The down-hole logging which comprise spontaneous potential and resistivity loggings were carried out using an SAS 200 logging probe with the SAS 1000 Terrameter as the recording instrument. The probe was lowered into the well at various intervals of length while the record of the spontaneous potential and the resistivity were determined with respect to depth. While the resistivity logging determines the resistivity of the subsurface formation and identifies the nature and quality of the groundwater, the spontaneous potential log measures the chemical differences between the adjacent formations and the fluid in the wells [11] . The pumping test which was used to determine the aquifer transmissivity and storativity was carried out using the Jacob's straight line method as discussed by Fetter [13] .
Results and Discussion
The result of the geoelectric interpretation is presented as shown in Table 1 . Table 1 shows that the study area is characterised by four layers comprising of lateritic/loamy topsoil, clay, fine-medium grain sand and coarse sand. The result of the geoelectric interpretation for Igun shows that the third and fourth layers possess potential for The interpretation of results from Eku shows that the second layer contains clay with thickness range of 4.8 to 5.5 m. This aquitard confine the third layer which is identified as aquiferous and compose of fine sand. The fourth layer has a resistivity range of 2212.1 to 4260.0 Ωm and depth range of between 24.7 and 27.8 m. This layer is an aquifer layer suitable for taping groundwater for the people. The analysis of results from Oria shows that the aquifer lies in the third and fourth layers. The second layer aquitard is underlain by third layer aquifer made up of fine sand. This is followed by a more porous fourth layer aquifer whose resistivity range between 1712.0 and 2998.8 Ωm and the depth range between 30.6 and 31.9 m.
Analysis of the geoelectric interpretation shows the third and fourth layers as water bearing in all the VES points. The fourth layer aquifer is inferred from the results to be more prolific than the third layer aquifer. The resistivity of the fourth layer ranges between 2212 and 4260 Ωm while the depth to the aquifer layer is between 24.7 and 31.9 m. The result of the geoelectric interpretation also shows that the thickness of the aquitard ranged between 3.1 and 6.3 m. This is sufficiently thick to keep the groundwater safe from contamination [14] .
The iso-resistivity map of the aquifer is presented as shown in Figure 2 . Figure 2 shows that the resistivity of the groundwater in Oria is higher than those of Eku and Igun. The resistivity range for Igun is also higher than that of Eku. This is an indication that the groundwater quality at Oria is relatively higher than that of Igun which is also relatively higher than that of Eku. Figure 2 will help in identifying the resistivity of the aquifer and assist in site location for drilling boreholes.
The iso-depth map of the fourth layer aquifer is presented as shown in Figure 3 . Figure 3 shows that the aquifer table in Oria which range between 30.6 and 31.7 is higher than the water table in the other two locations. This is not unconnected with the elevation of Oria which is 27 m when compared to that of Eku which is 18 m and Igun which is 15 m above sea level. As one moves towards Eku, the depth becomes relatively equal for both Eku and Igun. This is an indication that the underground formations of both sites are very similar, as can be seen from the geoelectric results. Figure 3 will therefore help drillers ascertain the depth to the top of the aquifer from any point in the area.
The lithologic logs of the drilled wells at the three locations are presented as shown in Figure 4 . Figure 4 shows that the subsurface formation is composed of four layers which are made up of topsoil, clay, fine-medium grain sand and coarse sand. This information correlates well with the geoelectric results as presented in Table 1 .
The results of the electrical resistivity and the spontaneous potential logs are presented as shown in Figure 5 and Figure 6 respectively. The resistivity logs shown in Figure 5 reveal that the quality of the groundwater increases downward, which is an indication that the deeper one drills, the higher the quality of water to be sourced. Analysis of Figure 6 shows a steady decrease in the values of the spontaneous potential, but become relatively constant after 30 m. This is an indication that the quality of the groundwater is more stable and reliable after a depth of 30 m. This is why drilling should not be encouraged for depth less than 30 m. The results of the well logging as shown in Figure 5 and Figure 6 were used to compute the electrical conductivity (EC) and the total dissolved solid (TDS) of the aquifer and the results presented in Table 2 . Analysis of the result in Table 2 shows that the average electrical conductivity of the groundwater in Igun, Eku and Oria are 0.028, 0.032 and 0.024 mS/m respectively, while their corresponding total dissolved solid are 91.08, 95.92 and 79.53 mg/m 3 . These values are less than the World Health Organisation permissible limit for drinking water. This is the reason while the groundwater in these locations can be said to be of good quality [15] .
The result of the pumping test was analysed and the drawdown plotted against time of pumping on a semilogarithmic graph sheet as shown in Figures 7-9 . The Jacob's straight line method was applied in computing the transmissivity and storativity of the aquifer. This was carried out by substituting the value of the drawdown per (1) and (2) [13] .
( ) . The results for all the hydrogeological parameters investigated are presented in Table 3 . These hydrogeological values obtained from the three locations have also revealed that the groundwater is dependable in terms of quality and yield as they are within the international standard for drinking water [15] [16].
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Conclusion
This study, which is aimed at investigating the groundwater potential and aquifer characteristics of Igun, Eku and Oria has been carried out using geoelectrical and hydrogeological methods. This study has revealed that groundwater potential exists in the fourth layer of the subsurface. The aquitard was found to be thick enough to protect the aquifer from contamination. The aquifer depth in the area was obtained to range between 24.7 and 31.7 m while the resistivity of the aquifer was obtained to be between 2212 and 4260 Ωm. The results of the hydrogeological parameters investigated also show that the groundwater is of good quality while the yield is adequate to provide the needed quantity desired by the people of the area.
